C atheter-related bloodstream infection (CRBSI) occurs commonly (1) in the United States, with a prevalence ranging from 3% to 7% (2) (3) (4) (5) . The attributable mortality of CRBSI is approximately 15%, and each episode is estimated to cost approximately $9,000 (2). Catheter colonization-or bacterial growth from the catheter tip without bacteremia-occurs in 20% of central venous catheters (2, 6, 7) , with an estimated cost of almost $400 per episode (2) . Despite these infectious complications, central venous catheters remain essential in the treatment of many hospitalized patients, especially the critically ill. Identifying modifiable risk factors for catheter-related infection is therefore crucial.
The use of multilumen central venous catheters provides obvious advantages in patients who may require numerous intravenous medications, laboratory tests, blood product transfusions, and parenteral nutrition. Since their introduction two decades ago, triple-lumen catheters have become the preferred central venous catheters for patients requiring central venous access (6) . Unfortunately, multilumen central venous catheters may lead to a higher rate of catheter colonization and CRBSI because of a higher frequency of catheter manipulations, with subsequent bacterial introduction; however, clinical trials directly comparing rates of CRBSI and catheter colonization between single-and multilumen catheters have yielded mixed results (8 -28) . Accordingly, we performed a systematic and quantitative meta-analysis to compare the rates of CRBSI and catheter colonization in single-lumen vs. multilumen catheters.
MATERIALS AND METHODS

Study Design and Data Abstraction.
We conducted a computerized search of the MED-LINE, CINAHL, Currents Contents, EMBASE, and PREMEDLINE databases. The exploded and focused "Medical Subject Headings" (MeSH) headings (or related text keywords) "catheterization" or "catheter" were combined with "infection" and, in MEDLINE, the floating subheading "adverse events." The text words "single," "double," or "triple," when found adjacent to the text word "lumen," were then combined with the above results. A research librarian was consulted to ensure a thorough search. Titles and abstracts of all articles were scanned independently by two authors (C. Dezfulian, B. K. Nallamothu) and relevant articles identified. We also scanned bibliographies of retrieved articles and related review articles, and we contacted corresponding authors and experts to identify additional published or unpublished reports. Finally, the authors of all excluded articles containing potentially useful data were contacted in an effort to obtain these data.
Criteria for Inclusion and Exclusion. Articles were included in the meta-analysis if they met the following criteria: 1) trials compared the rates of infection of at least two of the three different types of temporary central venous catheters (single-lumen catheters, double-lumen catheters, and triple-lumen catheters); and 2) the prevalence of catheter colonization or CRBSI was reported per catheter with sufficient data to calculate the odds ratio. We excluded studies that focused on hemodialysis catheters, peripherally inserted central venous catheters, pulmonary artery catheters or their introducer sheaths, and tunneled, cuffed, or antiseptic/ antibiotic-coated central venous catheters. Also excluded were studies in which the definition of CRBSI was unclear or overlapped with the definition of catheter colonization. In this event, attempts were made to contact corresponding authors to clarify these data and include them in the analysis.
Definitions and Outcomes. Our primary outcome of interest was the prevalence of CRBSI by catheter type. To meet the definition of CRBSI in our analysis, studies were required to show isolation of the same organism from cultures of the catheter tip and blood. Catheter colonization, on the other hand, was defined as 1) the presence of bacterial growth from culture of the catheter tip in the absence of concomitant positive blood cultures for the same organism or 2) the presence of local purulence or cellulitis at the catheter insertion site, along with culture results from this site. The method of culturing catheter tips could be quantitative, semiquantitative, or qualitative. The qualitative culture method accepted any growth as positive. The semiquantitative method, based on the protocol of Maki et al. (29) , required the growth of Ͼ15 colonies per plate to be considered positive. The only use of purely quantitative cultures occurred in one study whose definition of CRBSI differed significantly from all others (16) . In this study, catheters were identified as the source of bacteremia if cultures drawn through the lumen grew more than five times as many colonies as peripheral blood cultures in the absence of other anatomic sources for infection.
Data Extraction. Data abstraction was performed independently by two authors (C. Dezfulian, J. Lavelle) using standardized forms. Data were abstracted on study design, study setting and population, the types of catheters used, the anatomic location and method of catheter insertion, duration of catheterization, type and frequency of site care performed, the use of total parenteral nutrition or systemic antimicrobial therapy, and the prevalence of catheter colonization and CRBSI. Disagreements among abstracters were resolved by discussion and ultimately arbitrated by a third author (S. Saint).
Assessment of Study Design and Quality. Studies were assigned quality scores (A, B, or C) based on their methodology for the purposes of a sensitivity analysis. The quality score "A" was given to randomized, controlled trials because confounding by co-morbid conditions or severity of illness were thought to least likely affect this type of study design. The quality score "B" was given to prospective studies that demonstrated no statistically significant differences between the characteristics of their populations of patients. Although not randomized, these studies analyzed a number of known confounders and found no significant differences between groups that would bias the comparison of outcomes. All remaining studies received the quality score "C." This group included prospective studies in which comparison of the patient groups revealed significant differences in one or more known CRBSI risk factors (i.e., femoral location of catheterization, duration of catheterization, use of total parenteral nutrition, patient severity of illness, emergent placement of catheters). Also included in group "C" were retrospective studies in which reliance on medical record review may have led to incomplete ascertainment of all catheterized patients during the study period.
Statistical Analysis. Data on CRBSI and catheter colonization were analyzed separately. Separate pooled analyses were also performed for studies given different quality scores. In each of the included studies, the absolute risk of CRBSI and catheter colonization was calculated for all catheter types, along with corresponding standard deviations and 95% confidence intervals (CI). Summary odds ratios (OR) were calculated using the DerSimonian and Laird (30) method under a random-effects model. A random-effects model was chosen, given significant heterogeneity between the studies. All statistical analyses were performed using STATA 7.0 (College Station, TX) (31).
RESULTS
Study Characteristics. Our initial computerized search revealed 141 studies, 16 of which seemed to compare CRBSI or catheter colonization between two or more types of catheters. Four studies were excluded because they contained data from patients with excluded catheter types (pulmonary artery catheters, percutaneously inserted central catheters [peripherally inserted central venous catheters]) (23) (24) (25) 32) . (The authors of these studies were contacted in an effort to obtain additional information on catheter types within the studies that met inclusion criteria. Unfortunately, this information was not available.) An additional two studies and one abstract were included after scanning bibliographies of the retrieved studies. Thus, a total of 15 studies were available for analysis (8 -22) and are summarized in Table  1 . Most studies compared single-and triple-lumen catheters (12 of 15), placed catheters in the subclavian position (10 of 15), and gave total parenteral nutrition through one of the lumens (total parenteral nutrition was given in all studies; 8 of 15 gave total parenteral nutrition to all patients). Full barrier protection during catheter insertion was generally used, except in two studies (10, 22) in which only sterile gloves and drapes were used; data on barrier protection were unavailable in two other studies (8, 12) .
Of the 15 studies included in our analysis, six were randomized, controlled trials (quality score A), three were prospective studies with similar groups (quality score B), and the remaining six were either retrospective studies or prospective studies in which there were significant differences between groups (quality score C). Within the group B studies, patients were shown to be similar based on several of the characteristics in Table 1 and on either a review of patient diagnoses or comparison of formal clinical scores to assess the degree of illness of the patient populations. Thus, this subset of observational studies was assigned a higher quality score than the other observational studies (i.e., group C studies).
Prevalence of CRBSI and Colonization. Table 2 summarizes the prevalence of CRBSI and catheter colonization, the method of catheter tip culture, and the definitions used for CRBSI. The intravascular catheter tip was usually cultured to establish infection at the site of insertion; in some studies (11, 13) , however, local wound culture was also accepted. Studies usually required the presence of fever and occasionally other signs and symptoms of infection (such as elevated white blood cell count, chills, or pus at the catheter insertion site) as part of their definition. Some studies also required resolution of these signs and symptoms after removal of the catheter or the absence of other possible sites of infection.
Occasionally, studies were more flexible in their definition of CRBSI, allowing for culture of the blood to be different from that of the catheter site or negative altogether. In these situations, the symptoms of infection had to resolve after removal of the catheter, and in some studies, no other 
Farkas (9) Yeung (10) Miller (11) Powell (12) Goetz (13) Ma (14) Kemp (15) Clark-Cristoff (16) Johnson (17) Gil (18) Pemberton (19) McCarthy (20) Lee (21) Rose (22) Quality score A, B, C, quality scores were assigned to each study as described in the METHODS section of the text; NR, data were not reported; methods of culture were qualitative (L), semiquantitative (SQ), or quantitative (Q); ⌬, studies that were more flexible in their definition of CRBSI; SLC, DLC, TLC, single, double, triple lumen catheters, respectively.
For each study, the method of culture, the definition of CRBSI, and the number of infected catheters/total number of catheters (with percentage) are given. A, B, C, quality scores were assigned to each study as described in the METHODS section; SLC, DLC, TLC, single, double, triple lumen catheters, respectively; NR, data not reported.
Key characteristics abstracted from the 15 studies included in the analysis are summarized above.
source of infection could be present (14, 15, 17) . It was impossible in these cases to discern which of the CRBSI diagnoses were made with this alternative definition, and therefore, the numbers provided by the authors had to be accepted. Summary OR of CRBSI and Catheter Colonization. For both end points, double-lumen catheters made up only 2% of the total catheters analyzed and were therefore grouped together with triplelumen catheters as multilumen catheters when calculating summary ORs. Alternative groupings were also analyzed and revealed no difference between several possible permutations because of the small number of double-lumen catheters. Likewise, calculation of ORs comparing only triple-lumen catheters with singlelumen catheters yielded no qualitative differences in the results and required exclusion of two A-quality studies that were thought to be valuable in the overall meta-analysis (analyses not shown).
Figures 1 and 2 summarize the OR for CRBSI and catheter colonization when comparing multilumen catheters with single-lumen catheters. The OR for CRBSI could not be calculated for one study that did not have a single-lumen catheter group (14) and for another study in which the absolute rate of CRBSI was zero for both single-and double-lumen catheters (17) . When the remaining studies were included in the analysis, the summary OR for CRBSI was 2.15 (95% CI, 1.00 -4.66) and, for colonization, 1.78 (95% CI, 0.92-3.47), in both cases reflecting a higher risk of infection for multilumen catheters. When the analysis was limited to higher-quality studies (quality scores A and B), the OR for CRBSI was 1.30 (95% CI, 0.50 -3.41) and, for colonization, 1.30 (95% CI, 0.82-2.07). The test for heterogeneity was significant (p ϭ .001 for CRBSI, p ϭ .004 for colonization) when all studies were included in the analysis but not when only higherquality studies were analyzed (p ϭ .11 for CRBSI, p ϭ .67 for colonization).
Sensitivity Analysis. Summary ORs for both outcomes were calculated excluding each study individually. The exclusion of the study by Yeung et al. (10) (quality score C) had the most significant effect on the summary OR for both outcomes (summary OR for CRBSI, 1.64 [95% CI, 0.89 -3.00]; for colonization, 1.21 [95% CI, 0.82-1.76]). Review of this study revealed the reported absolute prevalence of both CRBSI (0.15%) and colonization (0.26%) were far lower than similar outcomes reported in the other studies (Table 2 ) or in the literature (1, 5, 6, 33) . Exclusion of this study alone made the test for heterogeneity for both outcomes insignificant (p ϭ .41 and p ϭ .63 for CRBSI and colonization, respectively). The next most influential study when excluded was that by Pemberton et al. (19) (quality score C), which had a similar, albeit lesser, effect on the tests for heterogeneity and the summary OR for both outcomes. The study by Miller et al. (11) involved a relatively small number of patients (n ϭ 37), and we therefore questioned whether this study had sufficient statistical power to detect meaningful baseline clinical differences between patients in the single-lumen and multilumen catheter groups. Although this study was assigned a quality score of B in the base case analysis, we repeated our analyses using a quality score of C for this study. The quality score assignment had little effect on the summary ORs or the CIs (data not shown).
DISCUSSION
We performed a systematic, evidencebased review that used meta-analysis to quantify the risk of CRBSI and catheter colonization in temporary multilumen central venous catheters when compared with single-lumen central venous catheters. We summarized data from 15 studies using a random-effects model. Our results suggested an apparent increase in CRBSI and a trend toward more catheter colonization in multilumen catheters. Tests for heterogeneity, however, demonstrated significant variation across the results of these studies. Importantly, exclusion of lower-quality studies diminished the relationship between infection rate and multilumen catheters.
An earlier review by Farkas et al. (9) suggested similar results, noting a bias toward "sicker" patients receiving triplelumen catheters. Gil et al. (18) also considered this potential bias in observational studies and attempted to compensate for it by using the Acute Physiology Scoring System to show similarity between their patient groups. Neither study, however, provided quantitative results to verify this bias nor did they systematically review the literature to find all relevant studies. Our comprehensive analysis expands on the work of these authors and others and clarifies much of the variability found in previous individual studies.
It has been suggested that increased manipulations of central venous catheters contributes to higher rates of CRBSI The diamond indicates the summary odds ratio (OR) and 95% confidence interval (CI). Studies are listed sequentially by study reference number. The size of the squares is proportional to the weight of the studies (inverse variance). (34) 
In their study, the investigators reported "additional lumens of the triple-lumen catheters were accessed from 15 to 20 times a day for administration of drugs and for blood sampling." They concluded this was likely to be responsible for the increased risk of infection. Although their study was randomized and prospective, the catheters used remained in place on average twice as long as in other studies, and their method of catheter tip culture was unique. Furthermore, their measured prevalence of CRBSI in multilumen catheters (13.1%) was significantly higher than that reported in other randomized, controlled trials (35) .
Another possible reason for the observed increase in CRBSI and colonization prevalence found in observational studies of multilumen catheters would be their use for a longer period of time compared with single-lumen catheters. The relationship between infection and duration of catheterization is clear (3) . Our present study is unable to evaluate this hypothesis because most of the studies reported the prevalence of infections as episodes per catheter rather than episodes per catheter-day. In the studies in which the duration of catheterization was reported (Table 1) , the duration between the two groups is roughly comparable.
A recent meta-analysis of randomized trials comparing antibiotic-coated and uncoated triple-lumen catheters revealed rates of CRBSI in the uncoated triple lumen group to range from 2.1% to 11.7% (35) , which is very similar to the rate of CRBSI in triple-lumen catheters found in our study. This range also includes the range of single lumen CRBSI found in this study, and it is not surprising that the difference between the two types of catheters is not statistically significant. The studies in which the OR for CRBSI in multilumen catheters tended to be the greatest have either excessively high (Ͼ10%) rates of CRBSI in multilumen catheters (16, 19, 20) or a low rate of CRBSI in the single-lumen catheters (10) when compared with published values of CRBSI in the literature (35) .
Two high-quality studies cited in this analysis compared double-and singlelumen catheters. In both, the prevalence of CRBSI and colonization in doublelumen catheters was either less than (12) or the same as (17) in single-lumen catheters. The latter study could not be included in our summary OR because of the absence of infection in both groups. Within these studies, increased manipulation of a double-lumen catheter's extra lumen-in contrast to triple-lumen catheters-did not significantly increase the risk for CRBSI. This is inconsistent with the hypothesis that additional lumens yield increased infection because of increased manipulations. In addition, one high-quality study comparing doubleand triple-lumen catheters, which also could not be included in our metaanalysis for lack of a control (singlelumen catheter) group, demonstrated no significant difference in CRBSI between these two groups (14) .
Most studies recruited any medical or surgical inpatients needing a central venous catheter or total parenteral nutrition. Thus, a significant proportion of non-intensive care unit patients were included. Only the studies of Farkas et al. (9) and Gil et al. (18) explicitly stated they recruited only intensive care unit patients, and the prevalence of catheter infections were similar in both groups compared in both studies ( (14) found no difference in infection rates between double and triple-lumen catheters, whereas McCarthy et al. (20) found a higher rate of CRBSI and colonization in triple vs. single-lumen catheters. The study by Pemberton et al. (19) was prospective but not randomized (quality C), and significantly more patients in the triple-lumencatheter group were in the intensive care unit (32 patients, 78%) vs. those with single-lumen catheters (22 patients, 39%). In addition, these triple-lumencatheter patients had higher rates of mortality, malnutrition, and major surgery. This study found a higher rate of CRBSI in triple-lumen catheters vs. singlelumen catheters.
We found that the risk of CRBSI and catheter colonization for multilumen catheters was greater than for singlelumen catheters, but this difference was not statistically significant after accounting for differences in the quality of the individual studies. Even if the upper limit of the 95% CI was taken as the actual effect size (a conservative estimate), then the 3.4-fold increased risk of CRBSI and 2-fold increased risk of catheter colonization in multilumen catheters must be weighed against the risks of increased mechanical complications associated with the placement of multiple singlelumen catheters.
When Powell et al. (12) randomized patients to receive one double-lumen catheter vs. two single-lumen catheters, they found a 3-fold increase in the rate of mechanical complications (13.6% vs. 4.5%) in the single-lumen group. Misny et al. (28) , in a retrospective study published only in abstract form, likewise found a higher rate of pneumothorax (3.0% vs. 0.5%) and thrombosis (1.1% vs. 0.5%) and a higher rate of "primary sepsis" (1.5% vs. 0.5%) in singlelumen catheters when compared with triple-lumen catheters. Unfortunately, the authors of this study could not be located to clarify their definitions of catheter-related sepsis, and therefore, the study could not be included in our analysis. The effects of the higher rate of mechanical complications involved in the placement of one or more single-lumen catheter instead of a single multilumen catheter would likely counterbalance any savings in CRBSI.
CONCLUSIONS
Meta-analyses have a number of limitations compared with large controlled trials (36, 37) ; however, the cost of a randomized, controlled trial adequately powered to definitely answer the question of whether multilumen catheters cause more infectious complications than single-lumen catheters would be high. Our data demonstrate it is unlikely that there is a substantial increase in the risk of CRBSI or catheter colonization when multilumen catheters are used instead of single-lumen catheters. The controversy regarding this issue likely stems from poorly controlled prospective or retrospective observational studies that have implicated multilumen catheters as a risk factor for infection. Our analysis reveals that the bulk of standardized, wellcontrolled studies comparing similar patient groups indicate multilumen catheters are not a significant risk factor for increased bloodstream infections or local catheter colonization when compared with single-lumen catheters.
